We investigated the effect of a pH-controlled co-precipitation process on the adsorption behavior of manganese ferrite (MnFe 2 O 4 ) nanoparticles as well as their structural and magnetic properties. The pH of prepared MnFe 2 O 4 nanoparticles is typically an important factor affecting the adsorption capacity of an adsorbent. In this study, MnFe 2 O 4 nanoparticles were prepared using a co-precipitation method at four different pH values of 9.0, 9.5, 10.0, and 10.5. The adsorption behaviors on rhodamine B (RhB) by 
Introduction
Many textile industries use processes, such as dyeing silk, wool, jute, leather and cotton that are major sources of severe worldwide water pollution problems. 1 The release of many dyes in the water is very harmful because these strong colored components create dangerous byproducts through oxidation, and inhibit benthic photosynthesis. 2, 3 The toxic and carcinogenic degraded products of dyes from industrial effluents released into clean water affect the central nervous system in humans and the environment.
4,5
Rhodamine B (RhB), a cationic dye, is a major source of environmental pollution because of its stability and resistance to biodegradation. 6 It can be toxic to human beings and animals, and causes the irritation of skin, eyes and respiratory tract. 7, 8 Thus, the development of efficient methods for RhB elimination is urgently needed. Several techniques such as advanced oxidation processes, 9,10 direct coagulation/occulation-sand ltration or ozonation, [11] [12] [13] [14] membrane separation, 15 coagulation and occulation, 16 as well as adsorption, [17] [18] [19] have been used to remove dyes from wastewater. Adsorption processes are considered to be an effective, promising and economical alternative, which can be used to remove dyes in water.
20-22
Recently, magnetic nanoparticles have been used to remove dyes from water. Among ferrites utilized for dye removal, manganese ferrite (MnFe 2 O 4 ) is the most prominent ferrite because of its highest magnetization, high catalytic activity, and good durability. Moreover, MnFe 2 O 4 provides an advantage for repeating magnetic separation with good stability.
23-29
It has been shown that MnFe 2 O 4 nanoparticles can be prepared via several methods such as hydrothermal, 30, 31 solgel, 29, 32 and co-precipitation. [33] [34] [35] Among these methods, coprecipitation has been widely utilized for the preparation of magnetic ferrite. When compared to other methods, the products obtained from a co-precipitation method are relatively uniform, and can be prepared easily and scaled up for industrial purposes. From previous reports, the physical properties of MnFe 2 O 4 nanoparticles were strongly dependent on the pH preparation value. [36] [37] [38] Therefore, controlling the pH value within the co-precipitation process is important for the synthesis of MnFe 2 O 4 nanoparticles with the desired morphology and size for efficient adsorption. To the best of our knowledge, the characteristics and adsorption properties of MnFe 2 O 4 nanoparticles prepared at various pH values for RhB removal have not been investigated.
In this study, the MnFe 2 O 4 nanoparticles prepared at different pH values of 9.0, 9.5, 10.0, and 10.5 were synthesized by a co-precipitation method. The effect of controlling the pH during the co-precipitation process was studied to determine the crystal structure, morphology, magnetic properties of the 
Characterization
The crystal phases of all samples were characterized by X-ray diffraction (XRD, JEOL JDX-3530) with Cu K a irradiation (l ¼ 1.5418 nm). The morphology and particle size were determined by scanning electron microscopy (SEM, JEOL JSM-6335F) and transmission electron microscopy (TEM, JEOL JEM-2010). The Brunauer-Emmett-Teller (BET) specic surface area and pore size of the prepared samples were analyzed by nitrogen adsorption-desorption isotherms obtained using an autosorb 1 MP (Quantachrome). The zeta potential determined by zetasizer nano instrument (ZS Malvern) was used to evaluate the isoelectric point (IEP) of the MnFe 2 O 4 nanoparticles. A vibrating sample magnetometer (VSM, Lakeshore VSM 7400) was employed to measure the magnetic properties of the obtained samples. The Fourier transform infrared (FTIR) spectra of the samples were recorded in the 4000-400 cm À1 wavenumber region using KBr disks as standard on a Thermo Scientic model Nicolet 6700 FT-IR spectrophotometer. Surface composition and oxidation state were carried out using X-ray photoelectron spectroscopy (XPS, Kratos Axis ULTRA DLD ) with a monochromatic Al K a source (1486.6 eV). All XPS spectra for the samples were referenced by setting the adventitious carbon C (1s) peak to 284.8 eV.
Adsorption experiments
The adsorption properties of MnFe 2 O 4 nanoparticles prepared at different pH values for RhB removal were examined using a batch adsorption experiment. Initially, at room temperature, 100 mg of the adsorbent was added to 100 mL of RhB reaction solution with a concentration of 2 Â 10 À5 M. During the adsorption process, samples were taken at 5 min intervals for 60 min. The MnFe 2 O 4 nanoparticles were separated from the RhB solution by centrifugation at 3000 rpm for 5 min. The solute concentration was determined by a UV-vis spectrophotometer (Thermo Scientic Evolution 201) at l max ¼ 550 nm. The adsorption capacity and removal efficiency were calculated using the following equations:
where q e is the equilibrium adsorption capability (mg g À1 ), C 0
and C e are the initial and equilibrium concentrations of RhB (mg L À1 ), W is the mass (g) of the magnetic adsorbent, and V is the volume of the solution (mL).
Results and discussion

Crystal structure
The XRD pattern of the MnFe 2 O 4 powders prepared at different pH values are shown in Fig. 2 oxide and/or iron oxide materials. This suggests that the wellcrystallized MnFe 2 O 4 phase with a spinel structure has formed during the co-precipitation process.
As seen from Fig. 2 , the XRD diffraction pattern of MnFe 2 O 4 -pH 9.0 shows the lowest intensity due to its small crystallite size with low crystallinity. On the other hand, the intensity of the (311) peak increased with increasing pH values from 9.5 to 10.5, indicating high crystallinity and large crystallite sizes for particles obtained under these preparation conditions. These results imply that the crystallite size and crystallinity of MnFe 2 O 4 nanoparticles can be adjusted with the pH value used during the co-preparation process. The crystallite size of all samples was calculated using the Debye-Scherer formula. 41 The calculated crystallite size of MnFe 2 O 4 at the pH values of 9.0, 9.5, 10.0, and 10.5 were 29.5, 41.2, 54.2, and 103.7 nm, respectively (Table 1) .
Morphology
The morphology and particle size of MnFe 2 O 4 nanoparticles with varying pH values (pH 9.0, 9.5, 10.0, and 10.5) were investigated by SEM and TEM images, and are shown in Fig. 3 and 4 as well as Table 1 . seen
Adsorption kinetics
In Fig. 7 
47
In order to further analyze the adsorption kinetics for removing RhB by MnFe 2 O 4 nanoparticles, two kinetic models, the pseudo-rst-order and pseudo-second-order, models, were applied. The adsorption capacities of MnFe 2 O 4 nanoparticles for RhB adsorption are shown in Fig. 8a . The pseudo-rst order equation is generally represented according the following equation 48, 49 (eqn (3)):
where k 1 and q t are the rate constant of pseudo-rst order kinetics (min À1 ) and adsorption capacity at time t (min), respectively. Aer integration by applying the conditions, q t ¼ 0 at t ¼ 0 and q t ¼ q t at t ¼ t, the eqn (3) becomes
The k 1 , calculated q e (q e, cal ), and correlation coefficients (R 2 )
of MnFe 2 O 4 with varying pH values were determined as shown in Table 2 . The plot of log(q e À q t ) versus time aer tting the pseudo-rst order model is presented in Fig. 8b . The q e, cal values of all samples were calculated from the intercept of the plot of log(q e ) versus t. From the obtained data, R 2 was relatively low, indicating that the pseudo-rst order model was not well suited to predict the kinetic rate constant. Therefore, the pseudo-second order model was applied to determine the suitable kinetic model which is expressed as the following equation:
where k 2 is the pseudo-second order rate constant (g mg À1 min À1 ). Aer integrating eqn (5), the linear tting is expressed as the following equation: Fig. 8c shows pseudo-second-order kinetic models for RhB adsorption onto MnFe 2 O 4 nanoparticles with varying pH preparation values. The adsorption kinetics and parameters of k 2 and q e, cal from the intercept and slope of the plot of t/q t versus t are shown in Table 2 . The R 2 values show that the RhB removal kinetics can be approximated using a pseudo-second order model. Thus, the pseudo-second order model is more appropriate for explaining this adsorption process.
Adsorption isotherms
Two adsorption isotherm models, Langmuir and Freundlich equations, were used to further describe the adsorption equilibrium. The Langmuir equation describes monolayer adsorption with limited homogeneous sites. The Langmuir model is given by the following equation:
where C e , K L , q e , q m , are the concentration of adsorbate at equilibrium (mg L À1 ), Langmuir constant (L mg À1 ), the amount of solute adsorbed at the equilibrium of RhB (mg g À1 ), and the maximum adsorption capacity of RhB (mg g À1 ), respectively.
Eqn (7) can be expressed in a linear form as displayed in the following equation: The Freundlich isotherm is one of the applicable models to describe heterogeneous surface adsorption and multilayer adsorption under various non-ideal conditions. The Freundlich 
where K F and 1/n are the adsorption capacity at unit concentration (L mg À1 ) and adsorption intensity, respectively. The 1/n indicates the degree of non-linearity between solution concentration and adsorption, 1/n ¼ 0 (irreversible), 0 < 1/n < 1 (favorable), and 1/n > 1 (unfavorable). The linear form of the Freundlich isotherm can be expressed as the following equation:
The values of K F , n, and R 2 are shown in Table 3 . The tting result of the Freundlich model using eqn (10) Moreover, the practical value of the equilibrium adsorption ability is much closer to the theoretical value obtained from the Langmuir model. The adsorption capacity of the as-prepared MnFe 2 O 4 nanoparticles was compared with other reports as shown in Table  4 . [52] [53] [54] [55] [56] [57] It was found that the adsorption capacity of adsorbents depends on several factors such as size, morphology, and specic surface area. Moreover, the extrinsic properties of adsorption capacity such as adsorbent loading and initial dye concentration signicantly affected to the removal efficiency. No report has been found for MnFe 2 O 4 reacting with RhB from previous work (Table 5) . [58] [59] [60] [61] [62] [63] It was found that MnFe 2 O 4 nanoparticles can adsorb RhB from water with adsorption capacity of 9.30 mg g
À1
. This indicates that the prepared MnFe 2 O 4 nanoparticles can be considered as a promising adsorbent for the removal of rhodamine B from aqueous solution.
Fourier transform infrared analysis
The FTIR spectroscopy was performed to investigate the possible interactions between MnFe 2 O 4 nanoparticles and RhB as shown in Fig. 10 . The MnFe 2 O 4 -pH 10.5 exhibits an adsorption peak at 1624 cm À1 , corresponding to O-H group due to the adsorbed water or moisture in samples. The broad band at around 3392 cm À1 is attributed to the symmetric vibration of -OH groups of H 2 O adsorbed by the sample. Meanwhile, the two bands at 576 and 1384 cm À1 can be attributed to the intrinsic vibrations of octahedral coordinated metal ions in the spinel structure and OH bending vibration, respectively. Typically, the metal oxide vibrations occur below 1000 cm À1 . 64, 65 For spectrum of RhB, the weak intensity band at 2983 cm À1 is associated with the aromatic C-H vibrations, which also appear at 1130 cm À1 (plane bending) and at 682 cm À1 (wagging vibrations). Moreover, the vibration bands in 2928-2869 cm À1 is inferred to the presence of RhB. In addition, the band at 1696 cm À1 corresponds to the C]O stretching vibration, while the band at 1341 cm À1 is associated with aromatic skeletal C-C 
UV-vis and XPS analyses
The adsorption mechanism of the MnFe 2 O 4 -pH 10.5 to remove RhB was investigated using UV-vis absorption spectroscopy and X-ray photoelectron spectroscopy (XPS) techniques. From  Fig. 11a , the characteristic peak of RhB appeared on the spectrum of MnFe 2 O 4 /RhB. This peak signies that RhB was absorbed on the surface of the MnFe 2 O 4 nanoparticles. In Fig. 11b (Fig. 11c) . 72, 73 The interaction of RhB and MnFe 2 O 4 nanoparticles at the interface was also determined by XPS technique. The N 1s spectra of MnFe 2 O 4 nanoparticles aer RhB adsorption were contributed to the components of -NH 2 ($401 eV) and -NH ($399 eV) (Fig. 11d) . 74, 75 The N 1s peaks appearing in the 
Reusability of MnFe 2 O 4 nanoparticles
Reusability is one of the prerequisites to verify the practicality of a direct application of adsorbents for dye removal. The stability of the MnFe 2 O 4 -pH 10.5 was evaluated by repeating experiments on the RhB adsorption as shown in Fig. 12 .
Aer each run, the MnFe 2 O 4 nanoparticles were collected using a magnetic eld and washed by ultrasonic cleaning with deionized water following with absolute ethanol. Then, the separated MnFe 2 O 4 nanoparticles were re-dispersed in fresh RhB solution with the same concentration (2 Â 10 À5 M), and next the new adsorption cycle began again. Aer 5 cycles, the removal efficiency decreased by a small fraction from 96.92% to 90.09%.
Conclusions
The 
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